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ABSTRACT
We present a detailed analysis of the gaseous component of the Si K edge using high-
resolution Chandra spectra of low-mass X-ray binaries. We fit the spectra with a
modified version of the ISMabs model, including new photoabsorption cross sections
computed for all Si ionic species. We estimate column densities for Si i, Si ii, Si iii,
Si xii and Si xiii, which trace the warm, intermediate temperature and hot phases
of the Galactic interstellar medium. We find that the ionic fractions of the first two
phases are similar. This may be due to the physical state of the plasma determined
by the temperature or to the presence of absorber material in the close vicinity of
the sources. Our findings highlight the need for accurate modeling of the gaseous
component before attempting to address the solid component.
Key words: ISM: atoms - ISM: abundances - ISM: structure - Galaxy: structure -
X-rays: ISM.
1 INTRODUCTION
The interstellar medium (ISM) is one of the most important
components in stellar evolution because it regulates Galac-
tic star formation and cooling rates (Wong & Blitz 2002;
Bigiel et al. 2008; Leroy et al. 2008; Lada et al. 2010; Lilly
et al. 2013). The ISM displays a multiphase structure that is
temperature dependent (Wada & Norman 2001; Tonnesen &
Bryan 2009; Rupke & Veilleux 2013; Zhukovska et al. 2016).
High-resolution X-ray spectra enable the study of such en-
vironments through the analysis of the absorption features
from the gas in the line-of-sight between the source and ob-
server (Juett et al. 2004; Yao et al. 2009; Liao et al. 2013;
Luo & Fang 2014; Schulz et al. 2016; Gatuzz et al. 2016;
Joachimi et al. 2016; Gatuzz & Churazov 2018).
Silicon can be used to probe the phase transitions be-
tween gas and solid states. This element can be found in
interstellar clouds (Henning et al. 2009), the circumstellar
environment of oxygen-rich asymptotic giant branch (AGB)
stars (Gail et al. 2009), protostellar disks (Apai & Lauretta
2010) and comets (Hanner & Zolensky 2010). Schulz et al.
(2016) analyzed the Si K-edge absorption region with a phe-
nomenological model using high-resolution Chandra spectra
of 11 low-mass X-ray binaries (LMXBs), and compared the
? E-mail: egatuzz@mpe.mpg.de
results with dust model calculations for olivine by Draine
(2003). They found multiple photoabsorption edge features
including a variable warm absorber from ionized atomic sili-
con (e.g. Si xiii), which they believe is associated to material
intrinsic to the sources. Zeegers et al. (2019) analyzed the in-
terstellar dust absorption and scattering in the Si K edge us-
ing laboratory measurements of several silicate compounds.
They found that most of the interstellar dust can be mod-
eled by amorphous olivine, concluding there is no relation
between depletion and extinction along the line of sight.
We present an analysis of the Si K-edge absorption re-
gion using Chandra observation of 16 LMXBs. We specifi-
cally focus on the atomic component including the neutral
as well as ionized species, exploring their presence and frac-
tions in the Si K edge without excluding co-existing dust
components. In Section 2 we describe the data sample and
the spectral fitting procedure. We discuss the results ob-
tained from the fits in Section 3. Finally, we summarize the
main results of our analysis in Section 4.
2 X-RAY OBSERVATIONS AND SPECTRAL
FITTING
To compile the data sample we have selected Chandra spec-
tra of LMXBs with a high number of counts in the Si K-edge
c© 2020 The Authors
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Table 1. List of Chandra HETG observations.
Source Galactic Distance N(HI)
Coordinates (kpc) (1021 cm−2)
4U 0614+091 (200.87,−3.36) 2.2± 0.7a 5.86
4U 1626-67 (321.78,−13.09) 3.5+0.2−0.3 b 1.30
4U 1636-53 (332.91,−4.81) 6± 0.5d 4.04
4U 1705-44 (343.32,−2.34) 7.6± 0.3d 8.37
4U 1728-34 (354.30,−0.15) 5.2± 0.5d 13.9
4U 1735-44 (346.05,−6.99) 9.4± 1.4e 3.96
4U 1820-30 (2.78,−7.91) 7.6± 0.4f 2.33
Cygnus X-2 (87.32,−11.31) 13.4± 2.0e 3.09
EXO 0748-676 (279.97,−19.81) 8.0± 1.2e 1.51
GX 339-4 (338.93,−4.32) 10.0± 4.5g 5.18
GX 349+2 (349.10, 2.74) 9.2c 6.13
GX 9+9 (8.51, 9.03) 4.4c 3.31
GX 340+00 (339.58,−0.07) 11.0± 0.3h 20.8
GX 5-1 (5.08,−1.02) 9.2h 10.4
GX 3+1 (2.29, 0.79) 5.0+0.8−0.7
j 10.7
GX 13+1 (13.51, 0.10) 7± 1h 13.6
Distances obtained from aPaerels et al. (2001);
bSchulz et al. (2019); cGrimm et al. (2002);
dGalloway et al. (2008); eJonker & Nelemans (2004);
fKuulkers et al. (2003);gHynes et al. (2004);
hChristian & Swank (1997);jOosterbroek et al. (2001).
wavelength region (i.e. more than 1000 counts in the range
6–7 A˚). We did not impose constraints in the significant
detection of a particular line (e.g. Si xiii) in order to get
an unbiased sample. A total of 16 Galactic sources were se-
lected. Table 1 lists the Chandra observations used in the
analysis including their Galactic coordinates, distances and
HI column densities obtained from Willingale et al. (2013).
Although such column densities do not fully reflect the X-
ray column density values given the small wavelength region
analyzed in our sample (∼ 1 A˚), they can be safely used.
All observations were reduced following the standard
Chandra Interactive Analysis of Observations (CIAO, ver-
sion 4.12) threads1 to obtain the High Energy Grating
(HEG) spectra. We used the findzo algorithm2 to esti-
mate the zero-order position of the spectra, analyzing a total
of 132 observations. For each source, we fitted all observa-
tions simultaneously, modeling the continuum with a power-
law*constant model. While the Photon-Index was the same
free parameter for all observations, constant accounts for
differences in the normalization. We note that, given the
small wavelength region to analyze, such a model is ac-
ceptable even if different observations show different disc
accretion states. The spectral fitting was carried out with
the xspec package (version 12.10.13). Finally, we used cash
statistics (Cash 1979) without rebinning the spectra.
Figure 1 shows the Si i, Si ii, Si iii, Si xii and Si xiii
K-edge photoabsorption cross sections used in these models,
which correspond to the ions expected in the warm (104 K),
intermediate temperature (104.7 K) and hot (106.3 K) phases
of the ISM (Gatuzz & Churazov 2018). The Si i photoabsorp-
tion cross section was computed by Gorczyca et al (2020, in
preparation) while those for the ionic species are from Wit-
thoeft et al. (2009). We included these Si K-edge photab-
sorption cross sections in a modified version of the ISMabs
1 http://cxc.harvard.edu/ciao/threads/gspec.html
2 http://space.mit.edu/cxc/analysis/findzo/
3 https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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Figure 1. Si i, Si ii, Si iii, Si xii and Si xiii photoabsorption
cross sections included in the model.
Table 2. Mean ISM silicon column densities obtained for all
sources fitted simultaneously.
Si i/H i Si ii/H i Si iii/H i Si xii/H i Si xiii/H i cash/d.of.
< 1.04 0.99± 0.13 < 0.03 < 0.03 0.23± 0.05 51573/47073
Column density ratios in units of 10−5.
absorption model (Gatuzz et al. 2015), which allow us to
treat the column densities of the Si ions as free parameters.
We performed a simultaneous fit of all observations
available to estimate mean values for the column densities,
as well as to determine the accuracy of the atomic data in-
cluded in the model. Figure 2 shows the HEG spectrum or-
ders ±1 combined for illustrative purposes. The vertical lines
correspond to the main theoretical resonance positions of the
Si ions. We have found that the overall wavelength positions
in the theoretical cross sections agree with the astronomi-
cal observations, although the maximum resolution of the
HETG instrument in first order (∼ 620) is not high enough
to resolve the Si i Kα triplet. The best-fit results are listed in
Table 2 showing that the mean column densities for Si i and
Si ii are similar. We also note residuals around the Si K edge
indicating the contribution of the solid state (Schulz et al.
2016). The model presented here does not include a solid Si
dust component, so the Si i abundance values obtained in the
fits are likely to be overestimated as described in Corrales
et al. (2016). This work also describes how dust scattering
near resonant absorption features causes spectral features
that mimic emission, such as those seen in the residuals of
Figure 2, for high-resolution imaging datasets from Chandra.
3 RESULTS AND DISCUSSION
Figure 3 shows the best-fit spectra for the individual sources;
for each source all observations were combined for illustra-
tive purposes, and residuals are also included. Table 3 tabu-
lates the best-fit results obtained for each source. Due to the
quality of the spectra analyzed most of the values obtained
are upper limits. Interestingly, we have found acceptable fits
to the observed silicon K-edge spectra with a model con-
sisting of atomic silicon ions similar to the oxygen K-edge
absorption region analysis of Gatuzz et al. (2013a,b, 2014).
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Figure 2. Best fit results after fitting all Chandra HETG data
simultaneously for the Si K-edge wavelength region. The main
theoretical resonances for the Si i (black), Si ii (red), Si iii (blue),
Si xii (green) and Si xiii (yellow) are indicated. Residuals in the
6.7–6.75 A˚ are likely due to dust scattering.
Although the solid absorption analysis is beyond the
scope of this work, we emphasise that the gaseous compo-
nent must be carefully modeled before measuring the solid
absorption features to estimate accurately the depletion fac-
tor of atomic silicon. It is noteworthy that for Si i the X-ray
dust scattering, which is not included in the current model,
would affect the abundance determination by a factor of ∼ 2
(Corrales et al. 2016; Zeegers et al. 2019). Figure 4 shows the
column densities obtained from the best fit. We distinguish
between the Siwarm (Si i+Si ii), Siinter (intermediate tem-
perature phase including Si iii) and Sihot (Si xii+Si xiii).
We have found that the column densities of the warm and
intermediate temperature phases are similar.
Since the physical state of the plasma determines the
ionic fractions, the temperature associated to the warm and
intermediate temperature phases, assuming collisional ion-
ization equilibrium, results in similar ionic fractions. Si ii
is also expected to be a tracer of the warm gas given its
low photoionization potential (Savage & Sembach 1996).
For Si iii, Collins et al. (2009) obtained column densities
> log 12.5 with a sky-covering fraction of 80–90% in agree-
ment with our upper limits. Under collisional ionization
equilibrium conditions, this ion traces transition regions be-
tween the warm and hot gas phases due to shocks (Slavin
et al. 2015; Chisholm et al. 2016), turbulent mixing lay-
ers (Savage et al. 2017; Shelton & Kwak 2018) and evap-
orating clouds (Dwek et al. 2008; Fox et al. 2010). Si xii
and Si xiii, on the other hand, trace hot gas temperatures
(∼ 4−5 × 106 K). We found that such hot gas does not fill
a large fraction of the volume of the Galactic disk (Joung &
Mac Low 2006; Breitschwerdt et al. 2012). Moreover, Gatuzz
et al. (2018) have found a similar result for carbon whereby
C ii dominates over C i. An alternative explanation would
be the increase of warm material due to the absorber mate-
rial in the close vicinity of the X-ray binaries (Schulz et al.
2016). Future analyses, using a complete gas+dust model,
will help to distinguish the origin of the Si absorbers.
4 CONCLUSIONS
We have analyzed the silicon edge absorption region (6−7 A˚)
using high-resolution X-ray spectra from 16 LMXBs. First,
we combine all spectra to perform a benchmark of the silicon
photoabsorption cross sections. We found that the absorp-
tion features identified in the spectra agree with the theoret-
ical atomic data, even though the individual resonances of
the Kα triplet cannot be resolved. Using the ISMabs model,
we have estimated ionic column densities corresponding to
the warm, intermediate temperature and hot phases of the
gaseous ISM. Our findings highlight the need for accurate
modeling of the gaseous component before attempting to ad-
dress the solid component. Including the solid components
in the model will be the next step of the current study. Fu-
ture X-ray observatories such as XRISM, Lynx and Athena
will display the spectral energy resolution necessary to allow
an accurate benchmark of the Si K-edge atomic data.
Data availability
Observations analyzed in this article are available in the
Chandra Data Archive (https://cxc.harvard.edu/cda/)
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Figure 3. Best fit results using Chandra HETG data for the Si K-edge wavelength region. For each source the observations have been
combined for illustrative purposes. The main resonances for the Si i (black), Si ii (red), Si iii (blue), Si xii (green) and Si xiii (yellow)
are indicated.
MNRAS 000, 1–?? (2020)
Si ISM X-ray absorption 5
Table 3. ISM silicon column densities obtained with the ISMabs model.
Source Si i Si ii Si iii Sixii Sixiii cash/d.of.
4U 0614+091 < 1.28 < 0.46 < 0.41 < 0.47 0.68+1.38−0.58 3236/3177
4U 1626-67 < 7.05 < 6.60 < 1.42 < 0.72 < 2.85 4207/3973
4U 1636-53 < 0.93 < 2.20 < 3.87 < 0.27 < 0.49 3538/3177
4U 1705-44 11.89± 0.89 3.35+1.23−1.18 0.82± 0.40 0.88± 0.36 10.70+11.50−7.90 1315/2381
4U 1728-34 19.29± 3.78 9.76± 3.32 3.29± 0.75 1.31± 0.28 1.64± 0.64 1208/2381
4U 1735-44 < 0.76 < 1.64 < 0.56 < 0.58 < 1.29 2496/2381
4U 1820-30 < 2.86 < 3.38 < 0.86 < 0.53 < 1.07 1914/1585
Cygnus X-2 < 0.19 < 0.92 < 0.18 < 0.12 < 0.47 4580/3177
EXO 0748-676 < 3.92 < 3.53 < 0.93 < 4.47 2.03+0.32−0.53 2738/2381
GX 339-4 < 0.88 < 1.42 < 0.56 < 0.46 < 0.47 6983/4769
GX 349+2 < 0.27 4.02+2.47−2.38 < 0.11 < 0.14 < 0.68 7694/7953
GX 9+9 < 0.37 < 0.54 < 0.14 < 0.15 < 0.58 1783/1585
GX 340+00 < 11.71 < 15.91 < 1.98 < 1.67 13.1+5.11−4.20 1557/2381
GX 5-1 11.56+1.32−1.26 8.68± 1.33 0.30± 0.10 4.55± 0.42 15.59+11.11−8.04 1068/1585
GX 3+1 3.29± 0.24 5.33± 0.48 0.82± 0.45 0.10± 0.06 5.01+2.86−2.19 6604/5565
GX 13+1 12.95+9.96−7.58 7.79
+1.03
−0.77 < 0.12 0.82± 0.60 4.29+1.22−0.92 4191/3973
Column densities in units of 1016cm−2.
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Figure 4. Ratio of intermediate temperature to warm gas column densities (left panel) and ratio of hot to warm gas column densities
(right panel) from the individual best fits. Siwarm corresponds to (Si i+Si ii), Siinter (i.e. intermediate temperature) corresponds to Si iii
and Sihot corresponds to (Si xii+Si xiii). We note that column densities corresponding to the warm and intermediate temperature phases
are similar although most of the column densities correspond to upper values.
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